Introduction {#s0001}
============

Many studies have shown that natural products have potential effects in the prevention and treatment of various diseases. Resveratrol (*trans*-3,4′,5-trihydroxystilbene), a phytoalexin produced by the injured plants, mainly exists in grapes, peanuts, and *Polygonum cuspidatum* Sieb. et Zucc. (Polygonaceae) (Pezzuto [@CIT0028]). Traditionally it was obtained through extraction from *Polygonum cuspidatum* rhizome (Peng et al. [@CIT0026]), nowadays it could be chemically synthesized or biosynthesized (Fan et al. [@CIT0010]). Resveratrol displayed various pharmacological activities, such as anti-inflammation, cardiovascular protection, antioxidation, and antitumor, which has attracted a great deal of attention (Amri et al. [@CIT0002]).

Resveratrol plays an active role in immune function. It may be involved in the specific immune response and non-specific immune response though directly regulating macrophages, lymphocytes, and dendritic cells activation (Svajger and Jeras [@CIT0031]). In immunosuppressive mice, resveratrol could promote recovery of immune function by activating JNK/NF-κB pathway in splenic lymphocytes (Lai et al. [@CIT0020]). Recently, it was also reported that resveratrol could improve the immune efficacy of pseudorabies virus vaccine (Chen et al. [@CIT0007]).

Similarly, resveratrol has also shown the positive effect in the anti-inflammatory reactions by inhibiting the secretions of TNF-α and nitric oxide in cortical microglia and N9 microglial cells (Bergman et al. [@CIT0003]). The potential of resveratrol to improve monosodium iodoacetate-induced cartilage damage was through inhibiting the expression of inflammatory mediators, proposing the possibility that resveratrol could be used as an effective therapeutic agent against osteoarthritis (Wang et al. [@CIT0032]). Besides, resveratrol showed a significant protective effect on LPS-induced lung injury by inhibition of NLRP3 inflammasome (Jiang et al. [@CIT0017]). Wang et al. (Wang, Hu, Fu et al. [@CIT0033]; Wang, Hu, Song et al. [@CIT0034]) found resveratrol could mitigate lipopolysaccharide-mediated acute inflammation in rats, and the anti-inflammatory mechanism may be due to inhibiting the TLR4/NF-κB p65/MAPKs signalling cascade.

Despite the excellent pharmacological activity, resveratrol was confined by the poor solubility, low bioavailability, easily autoxidation, and photosensitivity (Amri et al. [@CIT0002]). Therefore, the objectives of the current study were to improve the solubility and stability of resveratrol by preparation of dry suspension, and to evaluate the immunomodulatory and anti-inflammatory activities of this preparation in mice.

Materials and methods {#s0002}
=====================

Chemicals {#s0003}
---------

Resveratrol, cyclophosphamide, and levamisole were purchased from Sigma Co. Ltd. (St. Louis, MO, USA). PVP K30, SDS, and mannitol were purchased from Xilong Scientific Co., Ltd. (Guangdong, China). HPMC E5 was purchased from Guangfu Fine Chemical Research Institute (Tianjin, China). Xanthan gum and poloxamer-188 were kindly supplied by BioDuly Co., Ltd. (Nanjing, China). Astragalus polysaccharides were purchased from Centre Biology Co., Ltd. (Beijing, China). *Echinacea purpurea* (L.) Moench (Asteraceae) powder was purchased from Qilu Animal Health products Co., Ltd. (Jinan, China).

Animals {#s0004}
-------

The SPF Kunming (KM) mice were purchased from Chengdu Dossy Experimental Animals Co., Ltd. \[License No. SCXK (Sichuan) 2012-24\]. The mice were reared at a temperature of 20-25 °C, a stable relative humidity of 50 ± 10% and lighting for 12 h per day. All the mice were domesticated for a week before experiments. Mice were killed by cervical dislocation after the animals have been lightly anaesthetized. The entire procedures were executed as rapidly and painlessly as possible.

All procedures involving animals and their care in this study were approved by the Ethics Committee of Sichuan Agricultural University according to the Regulation of Experimental Animal Management (State Scientific and Technological Commission of the People's Republic of China, No. 2, 1988) and the Interim Measures of Sichuan Province Experimental Animal Management (Science and Technology Bureau of Sichuan, China, No. 25, 2013).

Resveratrol dry suspension preparation {#s0005}
--------------------------------------

### Screening of suspending and wetting agents {#s0006}

Excipients are commonly used in preparation. Three kinds of suspending agents were used for the preparation of resveratrol dry suspension (RDS), including povidone (PVP), xanthan gum, and hydroxypropyl methylcellulose (HPMC). These were used alone and in combination as suspending agents. Two different kinds of wetting agents sodium dodecyl sulphate (SDS) and poloxamer-188 were compared. The types of suspending and wetting agents were determined through the settling volume ratio and the re-dispersion of the suspension.

### Formulation optimization by orthogonal design method {#s0007}

After consideration of the results of single factor, the orthogonal design was used to determine the dosages of excipients. In the orthogonal test design, the table of L~9~ (3^4^) was adopted, mannitol and sucrose were used as filler. The evaluation index was sedimentation volume and redispersion after 7 days.

### Quality assessment of RDS {#s0008}

The quality of RDS was denoted according to the standards of the Chinese pharmacopoeia for the dry suspension (Chinese Pharmacopoeia Commission [@CIT0008]). The weight loss and sedimentation volume on drying of suspension should not exceed the 2.0% and 0.90, respectively. High-performance liquid chromatography (HPLC) method was used to determine the content of resveratrol. The factors influencing the stability of the preparation were tested.

The effects of RDS on the immunologic function in immunosuppressive mice {#s0009}
------------------------------------------------------------------------

### Experimental design {#s0010}

The SPF Kunming mice were equally distributed into seven groups comprising of nine males and nine females for each group. The mice were intraperitoneally injected with cyclophosphamide (CY, 60 mg/kg/d) for three days in six treatment groups. At the same time, the mice in normal group were injected with normal saline. The mice in RDS-treated groups (H, M, and L) were treated with RDS at doses of 3.33, 1.67, and 0.83 g/kg/d for 7 days, respectively. *Astragalus* polysaccharide (APS) and *Echinacea purpurea* (EP) have been shown to immunomodulation activity (Jin et al. [@CIT0018]; Manayi et al. [@CIT0023]). Therefore, APS and EP were selected as positive controls. The dosages of APS and EP were 50 and 250 mg/kg/d, respectively. In the normal group and the model group, the mice were treated with equal volume of normal saline. The volume of intragastric administration was 0.2 mL/10 g body weight. The appropriate dose of the drug in RDS-treated groups was determined, and then RDS was added into water and shaken well for administration.

### Visceral index assay {#s0011}

Within 24 h of the last administration, the mice were sacrificed and the immune organs were weighed, including thymus and spleen. The thymus and spleen index were calculated according to the formula: index (mg/g) = (the weight of thymus or spleen)/the body weight.

### T lymphocyte subsets assay {#s0012}

The lymphocytes were separated by lymphocyte separation medium (Solarbio, China). The cells used to determine the rate of CD3^+^, CD3^+^ CD4^+^, and CD3^+^ CD8^+^ were stained with anti-CD3, anti-CD4, and anti-CD8 monoclonal antibodies (BD Biosciences, Franklin Lakes, NJ, USA) at temperature 37 °C for 0.5 h in the darkness, and followed by centrifugation. T lymphocyte subsets were analyzed by flow cytometry (BD Biosciences, Franklin Lakes, NJ, USA).

### Proliferation of splenic lymphocyte {#s0013}

Within 24 h of the last administration, the mice were sacrificed in a sterile environment. Spleen tissue was disrupted, and spleen cell suspensions were passed through sterile nylon mesh. Red blood cells were lysed by Erythrocyte Lysate (Solarbio, China). Cells were resuspended in RPMI 1640 medium (Solarbio, China) at the concentration of 5 × 10^6^ cells/L. Blastogenic response of splenocytes to the mitogens, concanavalin A (ConA, Solarbio, China), and lipopolysaccharide (LPS, Solarbio, China), were assessed by CCK-8 (Dojindo Laboratories, Japan). Splenocytes suspension was incubated with ConA (10 μg/mL) or LPS (15 μg/mL) in 150 μL RPMI 1640 medium containing 10% foetal bovine serum (FBS, Gibco Company, Carlsbad, CA, USA) at 37 °C with 5% CO~2~. After incubation for 44 h, 10 μL CCK-8 was added to each well. After incubation for 2 h, the absorbance at 450 nm was measured by a microplate reader (Bio-Rad, Hercules, CA, USA).

### Serum cytokines assay {#s0014}

Within 24 h of the last administration, the mice were sacrificed and the blood samples were collected and coagulated at 37 °C, followed by centrifugation for 10 min. The concentrations of IL-2 and IFN-γ in serum were analyzed by ELISA (R&D, Minneapolis, MN, USA) in accordance with the manufacturer's instructions.

The anti-inflammatory assay in mice {#s0015}
-----------------------------------

### Capillary permeability {#s0016}

Capillary permeability caused by glacial acetic acid was used to assess the anti-inflammatory activity. The male mice were equally divided into five groups (8 mice in each group). RDS at 1, 0.33, and 0.1 g/kg/d, and indomethacin (IM) as positive control at 10 mg/kg were given to the mice in treated groups by oral route, respectively. The mice in the normal group were given equal volume of normal saline.

Within 1 h of the last administration, each mouse was injected with 0.1 mL of 5% Evans blue in normal saline via tail vein. After 10 min, each mouse was injected with 0.1 mL/10 g bw of 0.6% (v/v) glacial acetic acid via intraperitoneal injection. After 20 min, the mice were sacrificed and the viscera were unwrapped and washed with normal saline, which was then transferred into 10 mL tubes and 6 mL of normal saline was added into these tubes followed by centrifugation at 3000 rpm for 10 min. The absorbance of supernatant was measured at 590 nm by ultraviolet spectrophotometer (SPECORD^®^ 200 PLUS, Berlin, Germany).

### Ear swelling test {#s0017}

Ear swelling, a recognized inflammatory response, is often used to evaluate the effects of anti-inflammatory drugs. The groups and method of dosing were the same as described above. To induce auricular inflammation, 0.1 mL xylene was gently applied to the inner surface of the left auricle after 1 h of last dosing. After another 1 h, mice were enforced to puncture on both sides of the ears. An 8 mm biopsy punch was used to obtain the specimens of auricular tissue. The weight difference between left (inflamed) and right (non-inflamed) specimens was used to calculate the magnitude of swelling.

### Cotton pellet granuloma assay {#s0018}

The cotton pellet granuloma was used for establishing chronic inflammation model. The mice were anaesthetized by pentobarbital sodium at the dosage of 45 mg/kg through intraperitoneally injection. Then, cotton pellets having weight 10 ± 1 mg each and containing 0.1 mL streptomycin (798 μg/mL), were implanted in groin beneath the skin under sterile conditions. The groups and method of dosing were the same as described above. Within 24 h of the last administration, the mice were retrained and the pellets surrounded by granuloma tissues were dissected out. The cotton balls were placed in the oven at 80 °C for 8 h and weighted. The antiproliferative function was calculated by the granuloma weight.

Statistical analysis {#s0019}
--------------------

The data of T lymphocyte subsets were presented as the mean ± standard error of mean, and other data were presented as the mean ± standard deviation. All the statistical analyses were performed using SPSS 22.0 software (SPSS, Chicago, IL, USA), and all the histograms experiments were plotted by GraphPad Prism 5.0 software (GraphPad Software, La Jolla, CA, USA). Statistical significance of the data from the control and experimental groups was compared by one-way analysis of variance (ANOVA) and the Duncan test. *p* \< 0.05 and *p* \< 0.01 were considered statistically significant.

Results {#s0020}
=======

Preparation of RDS {#s0021}
------------------

### Selection of excipient {#s0022}

The sedimentation volumes of different excipients are shown in [Table 1](#t0001){ref-type="table"}. The mixture of HPMC and xanthan gum showed the best suspending effect. In addition, there were no differences in the redispersion of these excipients. Therefore, the mixture of HPMC and xanthan gum was used for the following orthogonal test. SDS and poloxamer 188, as wetting agents, had no differences in sedimentation volume and redispersibility. However, it was reported that poloxamer-188 had better protection compared to SDS (Rowe [@CIT0029]). Therefore, poloxamer-188 was selected as the wetting agent for dry suspension.

###### 

Selection and evaluation of excipient.

  Species of excipient                 Sedimentation volume
  ------------------------------------ ----------------------
  PVP (0.5%)                           0.67
  Xanthan gum (0.5%)                   0.91
  HPMC (0.5%)                          0.8
  HPMC (0.25%) + PVP (0.25%)           0.75
  Xanthan gum (0.25%) + PVP (0.25%)    0.88
  HPMC (0.25%) + xanthan gum (0.25%)   0.93

### Orthogonal test {#s0023}

During the orthogonal test, HPMC, xanthan gum, and poloxamer-188 were designated as A, B, and C, respectively, and these were chosen as influencing factors. Their contents were chosen as factor level. According to the orthogonal experiment table, a numerical experiment was carried out as shown in [Table 2](#t0002){ref-type="table"}. Through visual analysis, the order of influence factors in percentage (%) was as B \> C \> A. Besides, there is no difference in the dispersion of these formulas. Therefore, dry suspensions were prepared as follows.

###### 

The orthogonal experiment table L 9(3̂4).

  Order number   Factor levels   Result                   
  -------------- --------------- -------- ------- ------- ------
  1              0.2             0.2      0.1             0.07
  2              0.2             0.4      0.2             0.2
  3              0.2             0.8      0.3             0.94
  4              0.5             0.2      0.2             0.07
  5              0.5             0.4      0.3             0.27
  6              0.5             0.8      0.1             0.93
  7              1               0.2      0.3             0.07
  8              1               0.4      0.1             0.2
  9              1               0.8      0.2             0.95
  K1             0.403           0.07     0.4     0.43     
  K2             0.423           0.223    0.407   0.4      
  K3             0.407           0.94     0.427   0.403    
  R              0.02            0.87     0.027   0.03     

The formulation consist of resveratrol 3%, HPMC 0.5%, xanthan gum 0.8%, poloxamer-188 0.3%, mannitol 3%, and sugar 92.4%. All the excipients were mixed and ground, and then passed through 100 mesh sieve. Finally, the powder was packaged to give RDS. The prepared drug was placed in aluminium foil bag to keep away from the light. Water (10 mL) was used to dissolve 1 g of RDS during the treatment of animals.

Determination of resveratrol content {#s0024}
------------------------------------

### Validation for the HPLC method {#s0025}

**Chromatographic condition.** The C-18 chromatographic column (4.6 × 250 mm, Phenomenex, Torrance, CA, USA) was used as stationary phase and acetonitrile: 0.1% phosphoric acid (V/V) (30:70) as mobile phase. The UV detector wavelength was set to 306 nm. The injection volume was 10 μL.

**Precision test.** The standard solution of resveratrol (101.6 μg/mL) was continuously measured for 5 times to calculate the precision. The value of relative standard deviation (RSD) that we calculated was 0.34%.

**Stability test for the HPLC method.** The standard solution and sample solution were measured at 0, 2, 4, 8, 24, 48, and 72 h after the preparation to calculate the stability for the HPLC method. The value of RSD of standard solution was 0.39% and that of sample solution was 0.42%. The result showed that the standard solution and sample solution were stable and the HPLC method was suitable within 3 days after the preparation.

**Sample recovery test.** RDS (0.2 g) was precisely weighed and mixed with 4.7, 5.9, and 7.0 mg of reference standard resveratrol. The solutions were analyzed according to the method of sample preparation. The test was repeated three times. The average recovery rate was calculated to be 96.31% and the value of RSD was 2.64%. The result of the validation suggested that the HPLC method was suitable for the determination of resveratrol content in RDS.

**Standard curve preparation.** Resveratrol (12.7 mg) (≥ 99%; Sigma, St. Louis, MO, USA) was precisely weighed and dissolved in 100 mL ethanol (101.6 μg/mL). Then, different volumes of this solution (0.5, 1.0, 2.0, 4.0, and 8.0 mL) were aspirated and diluted to 10 mL. Then the standard solutions were filtered (0.45 μm; Millipore, Billerica, MA, USA) and analyzed by HPLC.

**Sample preparation.** RDS (0.2 g) was precisely weighed and dissolved in 50 mL ethanol. The solution was treated with ultrasonic for 40 min, then filtered (0.45 μm; Millipore, Billerica, MA) and analyzed by HPLC. The results showed that the concentration and peak area had good linear relationship (*y* = 633,408*x* − 358,526, *r*^2^ = 0.9993) when the concentration of resveratrol ranged from 10 to 100 μg/mL. The content of resveratrol in the formulation was 2.93%.

**The main influence factors on the stability of RDS.** It was observed that resveratrol in RDS could remain stable under high temperature, high humidity, and high-light exposure as results shown in [Table 3](#t0003){ref-type="table"}.

###### 

The main influence factors on the stability of RDS.

        Temperature 60 °C   Humidity 25 °C, RH90 ± 5%   Light intensity 4500 ± 500LX                                           
  ----- ------------------- --------------------------- ------------------------------ ------- ------- ------- ------- ------- -------
  RDS   2.93%               2.89%                       2.88%                          2.93%   2.91%   2.90%   2.93%   2.91%   2.89%

**The stability study of RDS in water.** The sedimentation volume, redispersion, and content were determined to evaluate the stability of the preparations. The results ([Table 4](#t0004){ref-type="table"}) showed that the preparation was stable in water for 7 days.

###### 

The stability study after the preparations was added to the water.

                         3 h     1 d     2 d     3 d     5 d     7 d
  ---------------------- ------- ------- ------- ------- ------- -------
  Sedimentation volume   1       1       1       0.99    0.99    0.99
  Redispersion           0       0       0       1       2       3
  Content                2.93%   2.93%   2.92%   2.91%   2.91%   2.91%

The effects of RDS on the immunologic function in immunosuppressive mice {#s0026}
------------------------------------------------------------------------

### Determination of visceral index {#s0027}

The results ([Table 5](#t0005){ref-type="table"}) showed that there was no significant difference about the thymus index among all the groups, indicating that CY and treatment with RDS, APS and EP had no effects on thymus weight. The spleen indices in RDS-treated groups and APS-treated group were significantly enhanced when compared to model group (*p* \< 0.01), suggesting that RDS and APS could recover the spleen index. In the EP-treated group, the spleen index had no significant changes compared to the model group. The RDS showed a better antagonistic action against reduction of spleen index induced by CY than EP.

###### 

Determination of visceral index.

  Group                                      Thymus index (mg/g)   Spleen index (mg/g)
  ------------------------------------------ --------------------- ---------------------
  Model (CY 60 mg/kg)                        2.39 ± 0.66           3.05 ± 0.70
  Normal                                     2.42 ± 0.64           4.59 ± 2.09
  L (CY 60 mg/kg + RDS 833 mg/kg)            2.66 ± 0.99           5.71 ± 1.30\*\*
  M (CY 60 mg/kg + RDS 1667 mg/kg)           2.74 ± 0.70           6.81 ± 1.58\*\*
  H (CY 60 mg/kg + RDS 3333 mg/kg)           3.2 ± 1.73            6.39 ± 1.89\*\*
  Positive I (CY 60 mg/kg + APS 50 mg/kg)    2.70 ± 0.68           5.99 ± 0.99\*\*
  Positive II (CY 60 mg/kg + EP 150 mg/kg)   2.55 ± 1.23           5.00 ± 0.62

Data are represented as means ± SD; *n* = 12; comparison was made with the model group; one-way ANOVA followed by the Duncan test. The symbols represent statistical significance at \*\**p* \< 0.01.

### T lymphocyte subsets assay {#s0028}

The CD3^+^ CD4^+^/CD3^+^ CD8^+^ ratio of normal group was remarkably higher than that of model group (*p* \< 0.05), while treatment with RDS, APS, and EP could recover the CD3^+^ CD4^+^/CD3^+^ CD8^+^ ratio ([Table 6](#t0006){ref-type="table"}). The level of CD4^+^ in the normal group was remarkably increased as compared the model group, and the level of CD8^+^ was remarkably decreased in normal, RDS (L and H) and APS groups (*p* \< 0.05). These results suggested CY significantly inhibited the body\'s immune function, while RDS-treatment showed a trend towards antagonism.

###### 

T lymphocyte subsets assay.

  Group                                      CD3^+^ (%)     CD4^+^ (%)      CD8^+^ (%)       CD4^+^/CD8^+^
  ------------------------------------------ -------------- --------------- ---------------- ----------------
  Model (CY 60 mg/kg)                        55.82 ± 0.12   32.39 ± 0.56    25.18 ± 0.48     1.3 ± 0.05
  Normal                                     65.55 ± 1.44   50.8 ± 1.56\*   14.93 ± 0.74\*   3.5 ± 0.21\*\*
  L (CY 60 mg/kg + RDS 833 mg/kg)            52.67 ± 4.68   38.8 ± 3.72     15.17 ± 0.88\*   2.49 ± 0.15
  M (CY 60 mg/kg + RDS 1667 mg/kg)           56.87 ± 0.44   38.53 ± 1.99    21.03 ± 1.61     2.12 ± 0.30
  H (CY 60 mg/kg + RDS 3333 mg/kg)           46.13 ± 1.69   30.11 ± 1.00    15.51 ± 0.61\*   1.95 ± 0.02
  Positive I (CY 60 mg/kg + APS 50 mg/kg)    46.42 ± 2.29   31.73 ± 1.57    15.37 ± 1.17\*   2.16 ± 0.12
  Positive II (CY 60 mg/kg + EP 150 mg/kg)   55.8 ± 2.82    41.87 ± 1.38    20.63 ± 1.93     2.18 ± 0.14
  Pooled SD                                  12.29          9.80            6.01             0.86

Data are represented as means ± SEM; *n* = 6; comparison was made with the Model group; one-way ANOVA followed by the Duncan test. The symbols represent statistical significance at \**p* \< 0.05, \*\**p* \< 0.01.

### The contents of serum cytokines {#s0029}

The concentrations of IL-2 and IFN-γ in serum are shown in [Figure 1](#F0001){ref-type="fig"}. CY significantly decreased (*p* \< 0.01) the IL-2 content compared to the normal group, while RDS-treatment (H) remarkably increased the IL-2 content in comparison with the model group (*p* \< 0.05). But no significant difference was observed in IFN-γ concentrations among all groups. Meanwhile, the positive control (APS and EP) showed no effects on IL-2 and IFN-γ levels. This study indicated that the regulatory effect of RDS on IL-2 and IFN-γ levels is superior to that of APS and EP in an appropriate dosage.

![Concentrations of serum cytokines. (A) Concentration of IL-2; (B) Concentration of IFN-γ. Symbols are represented as means ± SD; *n* = 6; comparison was made with the model group; one-way ANOVA followed by the Duncan test. The symbols represent statistical significance at \**p* \< 0.05, \*\**p* \< 0.01.](IPHB_A_1699123_F0001_C){#F0001}

### Splenic lymphocyte proliferation {#s0030}

As shown in [Figure 2](#F0002){ref-type="fig"}, compared with the model group, RDS-treatment (L and H) could significantly increase the proliferation of splenic lymphocytes stimulated by ConA and LPS (*p* \< 0.01 and *p* \< 0.05, respectively), which indicated that RDS may enhance lymphocyte mitogenesis *in vitro*. There was no difference in splenic lymphocyte proliferation between RDS and the two positive controls (APS and EP).

![Splenic lymphocyte proliferation. (A) Splenic lymphocyte proliferation stimulated by ConA; (B) Splenic lymphocyte proliferation stimulated by LPS. Symbols are represented as means ± SD; *n* = 6; comparison was made with the model group; one-way ANOVA followed by the Duncan test. The symbols represent statistical significance at \**p* \< 0.05, \*\**p* \< 0.01.](IPHB_A_1699123_F0002_C){#F0002}

The anti-inflammatory activity of RDS {#s0031}
-------------------------------------

### Capillary permeability {#s0032}

The results of capillary permeability study demonstrated that treatment with RDS and indomethacin significantly inhibited the acetic acid-induced capillary permeability in comparison with the normal group (*p* \< 0.05 and *p* \< 0.01, respectively) ([Figure 3(A))](#F0003){ref-type="fig"}. However, no changes were observed in medium and high doses of RDS groups (M and H), which suggested that the effect of RDS on peritoneal permeability may be related to the dose. The inhibition rates in low dose of RDS-treated group were 36.75%, and the indometacin group was 56.36%.

![The anti-inflammatory activity of resveratrol dry suspension. (A) Coeliac capillary permeability induced by acetic acid; (B) ear swelling induced by xylene; (C) the weight of cotton pellet granuloma. Symbols are represented as means ± SD; *n* = 8; comparison was made with the normal group; one-way ANOVA followed by the Duncan test. The symbols represent statistical significance at \**p* \< 0.05, \*\**p* \< 0.01.](IPHB_A_1699123_F0003_C){#F0003}

### Ear swelling {#s0033}

Significant inhibitory effects on ear swelling (*p* \< 0.01) in RDS (M and H) groups and indomethacin group were observed in comparison with the normal group ([Figure 3(B))](#F0003){ref-type="fig"}. A dose-dependent relationship was found in the RDS-treated groups, and the inhibition rates of ear swelling of RDS (L, M, and H) were 17.09, 38.46, and 58.97%, respectively.

### Cotton pellet granuloma {#s0034}

The results ([Figure 3(C)](#F0003){ref-type="fig"}) showed that RDS (M and H) and indomethacin had significant inhibitory effects on cotton pellet-induced granuloma formation in comparison with the normal group (*p* \< 0.01). The inhibitory effects of RDS were significantly higher than that of indomethacin group. There was no significant difference observed between the low dose of the RDS group and normal group, which indicated that an obvious therapeutic effect of resveratrol for chronic inflammation required adequate dose. The inhibition rates of medium and high doses of RDS and indomethacin were 34.37%, 31.25%, and 28.12%, respectively.

Discussion {#s0035}
==========

Resveratrol has been proved to possess a wide range of biological activities, including anti-inflammation, cardiovascular protection, antioxidation, as well as regulatory effects on cell proliferation and gene expression (Pervaiz [@CIT0027]). In this study, for convenient use of resveratrol, a dry suspension was prepared with excellent performance. The immune regulation and anti-inflammatory activity were carried out in mice, which suggested that RDS was an appropriate preparation with potent immunoregulatory and anti-inflammatory activities.

It has showed that the relatively higher lipophilicity of resveratrol leads to poor aqueous solubility, causing low oral bioavailability (Bertacche et al. [@CIT0004]; Boocock et al. [@CIT0005]). In addition, its ethanol solution was unstable. UV irradiation caused the photochemical isomerization and electrocyclization, which led to different byproducts (Franciosoa et al. [@CIT0013]). Therefore, we planned to prepare resveratrol as a dry suspension. Suspension is a disperse system in which the internal phase is dispersed uniformly throughout the external phase, and the internal phase consists of insoluble solid particles with the aid of single or combination of suspending agents (Zhang et al. [@CIT0038]). The dry suspension has the characteristics of convenient transportation and good stability, and is suitable for patients who have difficulty in swallowing (Liu et al. [@CIT0022]). In our study, a series of excipients were used to improve the solubility of resveratrol; the final content of resveratrol in the formulation was 2.93%, which was in line with the relevant standards. The preparation could remain stable under high temperature, high humidity, high-light exposure. Moreover, it had a simple preparation process and a convenient form for administration. Therefore, the dry suspension could be the promising preparation for clinic use of resveratrol.

The immunoregulatory function of resveratrol was demonstrated by various indicators in our study. Thymus and spleen are important immune organs in animals. In our previous study, resveratrol at the dosage of 30 or 60 mg/kg could recover or even increase the spleen index in immunosuppressive mice (Lai et al. [@CIT0021]). In this study, RDS and APS could promote the spleen index, but no significant effect on thymus, which was corroborated by the previous study. These results suggested that RDS could strengthen the immune function through spleen function.

In various diseases, the count of CD3^+^ CD4^+^ lymphocytes can directly reflect the immune function. Due to the large fluctuation of CD3^+^ CD4^+^ absolute count in different physiological conditions, the ratio of CD3^+^ CD4^+^/CD3^+^ CD8^+^ with good stability is commonly used to evaluate the immune function. It was reported that dietary intake of resveratrol induced a significant increase in T helper cells (CD4^+^) in aged-rats, and the percentages of CD3^+^ CD4^+^/CD3^+^ CD8^+^ subsets was increased after resveratrol administration (Yuan et al. [@CIT0037]; Wang et al. [@CIT0035]). In the present study, RDS antagonized the immunosuppressive effects of cyclophosphamide by increasing the CD3^+^ CD4^+^/CD3^+^ CD8^+^ subsets ratio. In addition, previously it was also reported that intraperitoneal injection of resveratrol could reduce Treg cells (CD4^+^ CD25^+^ Foxp3^+^ cells) and upregulate IFN-γ-expressing CD8^+^ T cells (Jeong et al. [@CIT0016]). These findings indicated that resveratrol had a bidirectional regulation on T lymphocyte subsets, which elucidated the underlying mechanism of immunoregulatory and anti-inflammatory activities.

Cytokines are a direct reflection of the physiological activities of body. IL-2 can enhance the vitality of NK cell, cytotoxic T cells, monocytes, macrophages, and improves the proliferation and secretions of the antibodies by the B lymphocytes (Oh et al. [@CIT0024]). Resveratrol induced cytokine balance of antigen-stimulated spleen cells to Th1 type, which leads to the enhancement of IL-2, IFN-γ and IL-12 productions, while suppresses IL-10 production (Feng et al. [@CIT0012]). Moreover, resveratrol could relieve symptoms of autoimmune neuroinflammation by increasing the maturation of lymphocyte subsets and cytokines, such as CD4^+^, IL-17^+^, IL-10^+^, and IFN-γ^+^ (ImLer and Petro [@CIT0015]). In our study, RDS had no effect on IFN-γ, but significantly up-regulated the expression of IL-2 only in the medium dose of the RDS group. The results indicated that the immunoregulatory effect of resveratrol required appropriate dose. The enhancement of Th1 cytokine caused by resveratrol may be the interpretation of the immune response (Lai et al. [@CIT0021]).

The activity of lymphocyte is directly related to the immune activity. Resveratrol appeared to protect activated human B lymphocytes from apoptosis by upregulating the antiapoptotic protein Bcl-2 (Zunino and Storms [@CIT0039]). Daily addition of resveratrol could significantly increase the proliferation index of spleen in rats (Kim et al. [@CIT0019]). With the stimulation by ConA and LPS, the RDS had obvious stimulation effect on the proliferation of splenic lymphocytes. Our results were in line with previous study that RDS supplementation enhanced the differentiation of lymphocytes by mitosis. In our study, APS and EP were used as positive controls which have been reported as the inducers of different cytokines and lysozyme-C genes expression in a dose-dependent manner (Park and Pezzuto [@CIT0025]). The immune regulatory effect of the RDS at low and high doses was similar to APS and EP. No significantly proliferative activity was found in the mice treated with medium dose of RDS, which may be due to individual variations among the animals.

Infiltration of inflammatory substances is a common response to inflammation. It has been reported that the anti-inflammatory effect of resveratrol was achieved by ameliorating oedema and inflammatory exudation and decreasing oxidative stress and leukocyte infiltration (Yeh et al. [@CIT0036]; Dong et al. [@CIT0009]). Resveratrol could inhibit TNF-α-induced inflammatory exudation *in vivo* and modify vascular permeability (Fulgenzi et al. [@CIT0014]). In our study, the low dose of RDS remarkably reduced the inflammatory response of capillary permeability by decreasing the release of inflammatory factors.

The tissue swelling has a reference value in judging the inflammatory response as well. Ear swelling is used in the screening of anti-acute inflammatory activity and in the evaluation of anti-inflammatory activity of steroids (Wang, Hu, Fu et al. [@CIT0033]; Wang, Hu, Song, et al. [@CIT0034]). Resveratrol was found to inhibit development of oedema and neutrophil infiltration in the 12-*O*-tetradecanoylphorbol-13-acetate-induced mouse ear model of topical inflammation (Bralley et al. [@CIT0006]). Vaticaffinol, the tetramer of resveratrol, significantly ameliorated auricular swelling in mouse model by picryl chloride-induced contact dermatitis (Feng et al. [@CIT0011]). In the present study, the medium and high doses of RDS could significantly reduce the inflammation of auricular swelling, and the higher dosage of the preparation showed higher anti-inflammatory activity.

Chronic inflammation is a common disorder in many diseases. Resveratrol regulated the chronic inflammation by decreasing the secretion of PGE~2,~ CCL5/RANTES, CXCL8/IL-8, and by increasing the productions of IL-1β, IL-6, IL-10 (Schwager et al. [@CIT0030]). Cotton pellet granuloma model was used to evaluate the treatment effect of RDS on chronic hyperplastic inflammation in our study. The process of granuloma formation involved proliferation of macrophages, neutrophils and fibroblast (Afsar et al. [@CIT0001]). The medium and high doses of RDS significantly inhibited the proliferation of granuloma, and the inhibitory effect was demonstrably superior to indomethacin. These results indicated that RDS had excellent inhibitory and recovery effects on different inflammatory responses in mice.

Conclusions {#s0036}
===========

The resveratrol dry suspension has excellent performance in stability. It could increase the spleen index and the level of IL-2, regulate T lymphocyte subsets, and improve the proliferation of splenic lymphocytes in immunosuppressive mice. Resveratrol dry suspension inhibited inflammatory reaction, including capillary permeability, auricular swelling response, and granuloma in chronic inflammation. Resveratrol dry suspension is an appropriate preparation for clinic use of resveratrol.
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